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Summary
In mammals, sperm-egg interaction is based on mo-
lecular events either unique to gametes or also pres-
ent in somatic cells. In gamete fusion, it is unknown
which features are gamete specific and which are
shared with other systems. Conformational changes
mediated by thiol-disulfide exchange are involved in
the activation of some virus membrane fusion pro-
teins. Here we asked whether that mechanism is also
operative in sperm-egg fusion. Different inhibitors of
protein disulfide isomerase (PDI) activity were able to
inhibit sperm-egg fusion in vitro.While pretreatment of
oocytes had no effect, pretreatment of sperm reduced
their fusion ability. Some members of the PDI family
were detected on the sperm head, and use of specific
antibodies and substrates suggested that the oxido-
reductase ERp57 has a role in gamete fusion. The re-
sults support the idea that thiol-disulfide exchange is
amechanism that may act in gamete fusion to produce
conformational changes in fusion-active proteins.
Introduction
Membrane fusion is an important phenomenon that
occurs in different biological systems such as the entry
of enveloped viruses into cells, cellular trafficking, endo-
and exocytosis, osteoclast and myotube formation, and
fertilization. Cellular membranes do not fuse spontane-
ously, and specific fusion proteins tightly control mem-
brane fusion events through interaction with lipids and
other proteins. In cases where it has been analyzed,
membrane fusion is mediated by extensive conforma-
tional change(s) of the fusion proteins, operating as the
driving force for bringing the two membranes together.
The two best-studied fusion systems are vesicle traf-
ficking and virus-cell fusion. These two processes share
similar, but distinct, mechanisms of membrane fusion,
including an initial tethering step, the activation of the
fusion machinery, the close apposition of the lipid bila-
yers, and the final fusion of the membranes (Sollner,
2004). Activation of the fusion machinery involves con-
formational changes during the assembly and activation
of the SNARE fusion proteins in the exocytotic process.
In the fusion of enveloped viruses with host cells, activa-
tion of the fusion protein is brought about by a refolding
of the molecule, which can be triggered by a pH change
(Fass, 2003), by binding to the cellular receptor (Fass,
*Correspondence: daellerman@ucdavis.edu2003), or by a thiol-disulfide exchange (Sanders, 2000).
In cases where thiol-disulfide exchange reactions are in-
volved in activating the fusion protein, the reactions are
catalyzed by proteins with disulfide isomerase activity.
Although they were originally described as resident pro-
teins of the endoplasmic reticulum (ER), members of the
protein disulfide isomerase (PDI) family have been re-
ported in recent years to be on the cell surface partici-
pating in different cell functions (Turano et al., 2002).
Because fusion proteins active in cell-cell fusion have
not yet been identified, there is no information on con-
formational changes in these systems. Considering that
in some membrane fusion systems activation of the
fusion protein requires a thiol-disulfide exchange, we
asked whether this mechanism is functioning in sperm-
egg fusion. Our results suggest that gamete fusion also
requires a sperm surface-associated disulfide isomer-
ase which could trigger a protein refolding step in the
path to sperm-egg fusion.
Results
Protein Disulfide Isomerase Activity in Sperm-Egg
Fusion
The mammalian PDI family is composed of 17 members
(Ellgaard and Ruddock, 2005); typically, they contain the
sequence CXXC, with the cysteine residues being re-
sponsible for the thiol-disufide exchange reactions. To
test whether a PDI family member is involved in gamete
fusion, we first analyzed the effect of the membrane-im-
permeable inhibitor bacitracin on the in vitro fertilization
assay. The presence of bacitracin during the sperm-egg
fusion assay produced a dose-dependent reduction of
the fertilization rate (FR) and the fertilization index (FI),
causing an almost complete inhibition of fusion at
3 mM (Figure 1A). In order to test whether the inhibitor
has a toxic effect on the gametes, sperm and oocytes
were preincubated in 3 mM bacitracin for 30 min,
washed, and then used in in vitro fertilization (IVF). Re-
sults indicated that neither sperm nor eggs preincu-
bated with bacitracin showed a reduced fertilizing ability
compared to the control (Figure 1B).
In addition to bacitracin, we tested the impact on
sperm-egg fusion of three other structurally distinct PDI
inhibitors (for a description of the individual inhibitors,
see the Supplemental Data available with this article on-
line). Coincubation of gametes in 400 mM T3 produced
a significant inhibition of sperm-egg fusion (Figure 1C).
To control for potential toxic effects of T3 on gametes,
sperm and oocytes were preincubated for 30 min in
400 mM T3 and then washed before being coincubated
during the fusion assay. Gametes washed after the incu-
bation with T3 did not show a reduction in the FR or
FI (Figure 1C). The presence of two other inhibitors,
5 mM DTNB or 1 mM PAO, during gamete coincubation
also significantly lowered the sperm-egg fusion rate (Fig-
ure 1C), supporting a potential participation of a disulfide
isomerase activity in the gamete fusion process.
To determine whether the required protein disulfide
isomerase is present on the sperm or on the oocyte,
Developmental Cell
832Figure 1. Effect of Different PDI Inhibitors on Gamete Fusion
(A) Gametes were coincubated in the presence of increasing concentrations of bacitracin, and after 40 min the FR and FI were scored. Control
values are set at 100%. a: p < 3 3 1022; b: p < 2 3 1025; c: p < 3 3 1023; d: p < 6 3 1024; e: p < 3 3 1027.
(B) Sperm were preincubated in 3 mM bacitracin for 30 min and then diluted into a drop containing nontreated oocytes (S). Eggs were pre-
incubated in bacitracin similarly, washed, and then inseminated with nontreated sperm (E). Compared to no inhibitor control, a: p < 3 3 1027;
b: p < 4 3 1028.
(C) Sperm and oocytes were coincubated in control medium (C), or in the presence of 400 mM T3, 5 mM DTNB (D), or 1 mM PAO (P) for 40 min and
then the FR and FI were scored. To assess the reversibility of the effect produced by T3, sperm and eggs were preincubated in 400 mM T3 for
30 min, washed, and then coincubated. a: p < 9 3 1024; b: p < 5 3 1028; c: p < 2 3 1024; d: p < 2 3 1024; e: p < 2 3 1029; f: p < 7 3 1024.
(D) Control groups consisted of gametes coincubated in medium alone (C) or in the presence of 5 mM DTNB (D). Sperm (S) or eggs (E) were in-
cubated in 5 mM DTNB for 20 min. Sperm were then diluted into a droplet containing nontreated oocytes, and treated oocytes were washed and
then inseminated with nontreated sperm. Also, preincubated sperm and eggs were coincubated together (S+E). After 40 min of coincubation, the
FR and FI were scored. a: p = 1 3 1028; b: p = 2 3 1022; c: p = 1 3 1023; d: p < 2 3 1029; e: p = 2 3 1022; f: p = 2 3 1024.
(E) Sperm and eggs were incubated as indicated above but with 1 mM PAO (P). a: p < 83 1024; b: p < 23 1022; c: p < 53 1024; d: p = 13 1022.
In all cases, bars represent the mean value 6 SE, and statistical comparisons are made to the no inhibitor control.we used the inhibitor DTNB which covalently reacts with
free thiols. Either sperm or oocytes were preincubated
with 5 mM DTNB, washed, and then tested in the IVF
assay with nontreated oocytes or nontreated sperm, re-
spectively. While preincubated eggs (Figure 1D, column
E) did not show a reduction in the FR or FI compared to
the control group, preincubated sperm showed a sig-
nificantly reduced fertilizing ability (Figure 1D, column
S). However, the inhibition was not as strong as that
observed when DTNB is added during coincubation of
the gametes (Figure 1D, column D). To check the pos-
sibility that a PDI activity on the egg surface could par-
tially compensate for the blocked protein(s) on sperm,
both sperm and eggs were preincubated with DTNB,
washed, and then incubated together (Figure 1D, col-
umn S+E), but inhibition was similar to that obtained
by preincubating only sperm with DTNB (Figure 1D,
column S).Because the inhibitory effect of DTNB is higher if
sperm are incubated with the reagent during the fusion
assay, we considered that the required protein disulfide
isomerase activity might become newly exposed on the
surface of a distinct subpopulation of sperm during
sperm-egg coincubation. In order for the sperm to be
competent for gamete fusion, sperm must undergo the
acrosome reaction, an exocytotic event that contributes
new proteins to the cell surface (Figure 2). In a sperm
sample incubated under capacitating conditions, acro-
somal exocytosis does not occur synchronously. Thus
a capacitated sperm population consists of a fraction of
acrosome-reacted sperm, as well as sperm that have
not yet undergone the acrosome reaction. If the disulfide
isomerase is exposed on the sperm surface only after the
acrosome reaction, preincubation of sperm with mem-
brane-impermeable DTNB would affect acrosome-
reacted sperm, but not acrosome-intact sperm. In the
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833experiment in which sperm are preincubated with DTNB,
washed, and then coincubated with oocytes, acrosome-
intact sperm would still carry a functional disulfide isom-
erase and would still be able to fertilize the egg once
they acrosome react in the absence of DTNB.
To test the possibility that there may be an internal
protein disulfide activity in acrosome-intact sperm, ca-
pacitated sperm were incubated with the membrane-
penetrating reagent PAO and then diluted into the drop-
let containing the oocytes (PAO should block PDI on
both acrosome-reacted and acrosome-intact sperm).
Results indicate that sperm exposed to PAO and then
diluted have a reduced fertilizing ability (Figure 1E, col-
umn S), similar to values observed when PAO is added
immediately preceding the gamete coincubation (Fig-
ure 1E, column P). Eggs that were preincubated in
1 mM PAO, washed, and then inseminated with non-
treated sperm (Figure 1E, column E) have fertilization
rates similar to control oocytes. These results using
DTNB and PAO suggest that the disulfide isomerase ac-
tivity is localized on the sperm and is exposed on the
sperm surface after the acrosome reaction.
Presence of PDI Members on Sperm
Because the evidence from inhibition studies suggested
that there was a critical PDI activity on sperm, we used
Western blot analysis to test for the presence of various
members of the PDI family on sperm. A mouse sperm
proteomic analysis conducted in our lab indicated the
presence on sperm of the PDI members PDI, ERp57,
ERp72, and P5 (Stein et al., 2006). We were able to con-
firm the presence of PDI, ERp57, ERp72, and P5 on
sperm (Figure 3A). PDILT, which was clearly detected
on a testicular extract but not in the sperm extract (Fig-
ure 3B), was used as a negative control.
We used immunofluorescence (IIF) studies to deter-
mine the subcellular localization of these enzymes. All
the PDI family members have been reported to be local-
ized in the ER lumen or in the ER membrane, but some
Figure 2. Schematic Diagram of a Mammalian Sperm Undergoing
the Acrosome Reaction
The course of the acrosome reaction is indicated by (A)–(D). An ac-
rosome-intact sperm head is indicated in (A). In (B), fusion between
outer acrosomal membrane and plasma membrane is indicated. A
fully acrosome-reacted sperm is indicated in (D); note that the inner
acrosomal membrane becomes exposed on the sperm surface after
the acrosome exocytosis. Ac, acrosome; eq, equatorial region; IAM,
inner acrosomal membrane. Modified from Yanagimachi (1981), with
kind permission of Springer Science and Business Media.family members have also been shown to be localized
on the plasma membrane (Turano et al., 2002). In order
to distinguish between acrosome-intact and acro-
some-reacted sperm, we used sperm expressing green
fluorescent protein (GFP) in the acrosome. These sperm
were capacitated for 3 hr, exposed to specific anti-
bodies, fixed, and stained with a second antibody. The
acrosome status of each individual sperm was scored
by checking for GFP fluorescence. Staining observed on
the head of acrosome-intact sperm using anti-ERp57
and anti-PDI antibodies is likely to be nonspecific, as
sperm incubated with normal rabbit serum (NRS) have
a similar labeling pattern (Figure 3C). Anti-P5 antibodies
stained acrosome-reacted sperm on the acrosomal re-
gion and on the principal piece of the tail. Both anti-
PDI and anti-ERp57 antibodies labeled w50% of the
acrosome-reacted sperm on the equatorial region,
whereas the NRS did not stain the acrosome-reacted
sperm (Figure 3C).
ERp57
Localization of PDI, P5, and ERp57 to the equatorial re-
gion of the acrosome-reacted sperm is consistent with
Figure 3. Presence and Localization of PDI Family Members on
Sperm
(A) Sperm protein samples corresponding to 1 3 106 cells were
probed with antisera (1:100) against different PDI family members.
(B) Reaction of anti-PDILT antiserum with a testis protein extract (T)
or a sperm extract (S).
(C) Sperm with soluble GFP in the acrosomal contents were capaci-
tated for 3 hr and then incubated with antisera against the indicated
PDI family members or with normal rabbit serum (NRS). After wash-
ing and fixing, sperm were incubated with a secondary antibody (top
row). The acrosome reaction status (Acr+, acrosome-intact; Acr2,
acrosome-reacted) was evaluated by the presence or absence of
green fluorescence in the acrosome (bottom row). The middle row
corresponds to a differential interference contrast (DIC) image of
the cells.
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has been identified as the initial fusion site with the
egg (Yanagimachi, 1994). Therefore, we tested the abil-
ity of the antibodies against the three proteins to inhibit
sperm-egg fusion by preincubating capacitated sperm
with the antibodies and testing the ability of sperm to
fuse with eggs in the IVF assay. While the presence of
neither anti-PDI nor anti-P5 antibodies affected sperm-
egg fusion, the presence of antibody specific to ERp57
produced a partial, but significant, inhibition of fusion
(Figure 4A). In contrast to sperm, oocytes exposed to
the anti-ERp57 antibody were not stained in IIF studies
(not shown), suggesting that the antibody did not inter-
act with the egg plasma membrane.
As an alternative approach to test for the potential in-
volvement of PDI and ERp57 in sperm-egg fusion, we
analyzed the inhibitory effect of substrates specific for
PDI or ERp57. Scrambled RNaseA is a commonly used
substrate for assaying PDI activity in vitro, and it has
also been used to inhibit platelet aggregation mediated
by PDI (Essex and Li, 1999). Unlike PDI, ERp57 does not
efficiently catalyze the refolding of RNaseA (Frickel
et al., 2004), but is more effective in refolding of mono-
glucosylated glycoproteins, due to its association
in the ER with the lectins calreticulin and calnexin
(Williams, 2006). Therefore we also tested scrambled
chicken IgG (IgY), which contains monoglucosylated
carbohydrates (Suzuki and Lee, 2004), and scrambled
rabbit IgG as a control, because it lacks monoglucosy-
lated sugars (Raju et al., 2000). While the continuous
presence of scrambled RNaseA, even at 1 mg/ml, did
not have any significant effect on the fertilization out-
come, preincubation of sperm with scrambled IgY (280
mg/ml), but not with scrambled rabbit IgG, produced
a significant reduction in the sperm fertilizing ability (Fig-
ure 4B). Scrambled IgY (but not scrambled IgG) bound
to the acrosomal ridge and equatorial region of acro-
some-reacted sperm (Figure 4C), suggesting the possi-
ble presence of calreticulin or calnexin on the surface of
acrosome-reacted sperm. Neither scrambled rabbit IgG
nor scrambled IgY bound to acrosome-intact sperm
(Figure 4C). The presence and localization of calreticulin
was explored by IIF. Acrosome-intact sperm showed
staining that was to some extent also observed in the
control using normal rabbit serum (Figure 4C), so it might
be nonspecific. Acrosome-reacted sperm showed a
specific anticalreticulin labeling on the equatorial region
(Figure 4C), thus colocalizing with the scrambled IgY
binding sites and ERp57.
Discussion
The goal of the current work was to explore the possible
use of related mechanisms to bring about membrane fu-
sion in disparate membrane fusion systems. The mech-
anism of membrane fusion has been extensively studied
in intracellular trafficking and in viral-host cell fusion. In
these cases, one universal step in the fusion process
is a conformational change in a membrane protein(s)
that acts to bring the two fusing membranes together.
Thiol-disulfide exchange is a mechanism that can act
to produce such conformational changes and thereby
switch on the fusion-active conformation of viral fusionproteins. We asked whether a similar mechanism might
be operative in gamete fusion.
In order to test whether protein disulfide isomerase
activity has a role in gamete fusion, inhibitors of PDI fam-
ily members were tested in an in vitro fertilization assay.
Bacitracin was an effective inhibitor of gamete fusion
over a concentration range previously used in other
cell types (Lahav et al., 2003; Markovic et al., 2004).
The additional PDI inhibitors tested (DTNB, T3, and
PAO) also reduced fusion when used in a concentration
range that inhibits other cellular systems (Fenouillet
et al., 2001; Gallina et al., 2002; Lahav et al., 2003; Mar-
kovic et al., 2004). Overall, the finding that four different
PDI inhibitors with different modes of action all inhibit
Figure 4. Participation of ERp57 in Sperm-Egg Fusion
(A) Zona-free eggs were coincubated with capacitated sperm in the
presence of normal rabbit serum (NRS) (1:50) or antisera specific to
ERp57, PDI, or P5 (1:50). After 40 min of incubation, the FR and FI
were scored. Bars represent the average 6 SE from six to nine ex-
periments. Compared to NRS, a: p = 5 3 1024; b: p = 2 3 1026.
(B) Effect of scrambled IgY on sperm-egg fusion. Gametes were co-
incubated in the presence of 1 mg/ml of scrambled RNaseA (R). Ca-
pacitated sperm were preincubated in 280 mg/ml scrambled IgY
(IgY) or scrambled rabbit IgG (IgG) for 30 min and then diluted into
a droplet containing the oocytes. Bars represent the mean value 6
SE from four to nine independent experiments. a: p = 6 3 1024;
b: p = 4 3 1023.
(C) Localization of IgY binding sites and calreticulin on sperm. Sperm
were capacitated for 3 hr, and then incubated in 280 mg/ml scram-
bled IgY (scIgY) or scrambled rabbit IgG (scIgG), or with normal rab-
bit serum (NRS) or anti-calreticulin antibodies; after washing, sperm
were fixed and incubated with a secondary antibody. The percent-
age of cells showing that particular pattern of fluorescence is
100%, 30%, or 70%.
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protein is active in this process.
One aspect of the biological basis of this mechanism
is that protein disulfide isomerases must be present on
the surface of cells. Although PDIs have long been rec-
ognized as ER-resident proteins, recent studies have
found thiol isomerases on the surface of cells (Turano
et al., 2002).
Our data indicate that PDIs are on the sperm surface
at the time of fusion with the egg. The IIF studies showed
that PDIs are present on the sperm surface. Coincuba-
tion of gametes with membrane-impermeable inhibitors
resulted in fusion inhibition, indicating that the required
PDI was on the cell surface.
The localization of ERp57 on sperm is concordant with
the localization expected for the protein targeted by the
PDI inhibitors and further supports a potential role for
this protein in gamete fusion. Localization of ERp57
was determined by IIF on live sperm and showed that
only acrosome-reacted sperm were stained. We found
that about 50% of the acrosome-reacted sperm were la-
beled by the anti-ERp57 antibody. This is probably due
to the fact that unlike some other species, human and
mouse sperm are heterogeneous with respect to many
features, such as the distribution of acrosomal matrix
proteins, sperm morphology, motility characteristics,
and ability to undergo capacitation. The observed stain-
ing was on the equatorial region of the sperm head, indi-
cating ERp57 is localized to the acrosome and exposed
on the surface after sperm exocytosis. The equatorial re-
gion of the sperm plasma membrane, known to be the
site of initial gamete fusion, is adjacent to the membrane
region exposed by exocytosis. Membrane proteins
newly exposed by exocytosis are known to become as-
sociated with the equatorial region (Inoue et al., 2005).
Our data with inhibitors and the ERp57 antibody indi-
cate that ERp57 is a reasonable candidate enzyme for
disulfide isomerase activity during fusion. The inhibition
of gamete fusion observed in the presence of anti-
ERp57 antibody was not as pronounced as the inhibition
observed in the presence of the PDI inhibitors, in par-
ticular bacitracin, which causes an almost complete in-
hibition. This might be because the function-blocking
activity of the anti-ERp57 antibody is not very high, or
because additional proteins are involved in the process.
With respect to the latter, we do not rule out the possibil-
ity that other members of the PDI family are also in-
volved in sperm-egg fusion. The possible presence on
sperm of other PDI family members needs further study.
Our data suggest that ERp57 on the sperm surface
may be part of a complex in which ERp57 functions
with a lectin-like chaperone(s). In the ER, ERp57 acts
in conjunction with the lectin-like chaperones calnexin
and calreticulin that are responsible for substrate spec-
ificity. Inhibition of sperm-egg fusion by IgY suggests
that a chaperone may participate with ERp57 in fusion.
However, whether ERp57 on the cell surface functions
in the same way as in the ER is unknown. In some cases,
ERp57 can function independently of calreticulin or cal-
nexin (McCormick et al., 2005). Clearly, defining the
mechanism of action of ERp57 on the sperm surface
will need further studies.
Several testis-specific members of the thioredoxin
family have been shown to be present in sperm(Miranda-Vizuete et al., 2004). Thioredoxins and PDIs
belong to the same superfamily and they both perform
oxido-reductive reactions, so thioredoxins could poten-
tially have a role in sperm-egg fusion. However, the
intracellular localization of sperm thioredoxins makes
them unlikely to be the target of the membrane-imper-
meable inhibitors described in the current work.
The specifics of how surface protein disulfide isomer-
ase activity works in inducing protein conformational
changes in membrane fusion proteins have been exten-
sively studied in virus-host cell fusion. The best-studied
system is HIV-host cell membrane fusion. The data sup-
port a model in which after initial binding between viral
gp120 and cellular CD4-CXCR4, PDI associated with
CD4 on the cell surface acts on gp120 reducing two di-
sulfide bonds. This change in gp120 disulfides triggers
a conformational change that leads to the unmasking
and insertion of the virus fusion peptide into the cell
membrane (Barbouche et al., 2003; Gallina et al., 2002;
Ryser and Fluckiger, 2005). In addition, it has been re-
ported that reduction of the disulfide in the second Ig
domain of CD4, catalyzed by cell surface thioredoxin,
is an obligatory step in CD4-dependent HIV fusion (Mat-
thias et al., 2002). Disulfide bond isomerization has been
shown to be key for membrane fusion in several other
enveloped viruses; in these cases, it is a virus protein
which has PDI activity (Krey et al., 2005; Sanders,
2000; Wallin et al., 2004).
Studies of gamete fusion using gene knockout tech-
niques have revealed two surface proteins, Izumo on
sperm (Inoue et al., 2005) and CD9 on eggs (Kaji et al.,
2000; Le Naour et al., 2000; Miyado et al., 2000), that
are essential for the fusion process. Izumo is a member
of the Ig superfamily that in IIF is either seen localized to
the whole sperm head or, like ERp57, is restricted to the
equatorial region of acrosome-reacted sperm. CD9 is
a tetraspanin family member, abundantly expressed
on the egg. Both have disulfides in their extracellular do-
mains. While these proteins are required for fusion, their
activities are unknown and it is uncertain whether they
are part of the core fusion machinery; therefore, it is pre-
mature to speculate as to whether or not either one is
associated with ERp57 (or other PDI family members).
This situation will be clarified when the substrate of the
sperm PDI is identified.
Experimental Procedures
PDI Inhibitors
We used four PDI inhibitors, and some of their properties are
detailed in Supplemental Data.
Gamete Isolation
Mature, cumulus-free oocytes were collected from superovulated
6- to 8-week-old ICR female mice as previously described (Yuan
et al., 1997). Eggs were denuded from the zona pellucida and loaded
with DAPI (Yuan et al., 1997). Sperm were collected from each cauda
epididymis and vas deferens of 10- to 12-week-old ICR males.
Sperm were allowed to disperse in a 500 ml drop of M199 contain-
ing 3% BSA, and then diluted 1:10 in 500 ml of M199, 3% BSA and
incubated for 3 hr at 37ºC and 5% CO2. During this incubation, the
sperm acquire the capacity to fertilize an egg and are thus termed
‘‘capacitated.’’
In Vitro Fertilization Assay
Two kinds of experiments were performed: (1) preincubation of
sperm or eggs in the PDI inhibitor followed by washing out the
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fusion assay, or (2) coincubation in the fusion assay of the gametes
in the presence of the PDI inhibitor. For those reagents dissolved in
DMSO, the corresponding control consisted of a drop of medium
lacking reagent but containing an equal concentration of DMSO. Ex-
periments involving T3 were done in M199* medium containing 1%
BSA to maintain the reagent in solution.
Preincubation of Gametes
Sperm and eggs were incubated with either PAO, DTNB, T3, or bac-
itracin (all inhibitors were from Sigma, St. Louis, MO) for 20–30 min at
37ºC and 5% CO2. To dilute out the inhibitor, eggs were transferred
through three droplets of fresh medium, and sperm were diluted 1:40
into the final droplet containing the oocytes. To test fusion, washed
gametes were coincubated as described below. Each inhibitor di-
luted along with the treated sperm was present in the fertilization
droplet at a sufficiently low concentration such that the inhibitor
does not affect gamete fusion.
Sperm-Egg Fusion Assay
Sperm were added at a final concentration of 1–3 3 105 sperm/ml,
and gametes were coincubated, in the presence or absence of PDI
inhibitors, for 40 min at 37ºC, 5% CO2. The oocytes were then
washed to release loosely bound sperm and mounted onto micro-
scope slides. Sperm-egg fusion was scored by the fluorescent label-
ing of sperm nuclei by DAPI transferred from the preloaded eggs.
Fertilization rate (FR) is the percentage of oocytes with at least
one fused sperm, and fertilization index (FI) is the mean number of
fused sperm per egg. Both the FR and FI are expressed as a percent-
age of the control treatment.
Sperm Immunofluorescence
Sperm expressing green fluorescent protein (GFP) in their acro-
somes (Nakanishi et al., 1999) were capacitated for 3 hr and then in-
cubated with antisera specific to PDI (Abcam, Cambridge, MA),
ERp57 (Abcam), P5 (a kind gift from Dr. Nobuhiro Takahashi), or
with normal rabbit serum at a 1:50 dilution for 30 min at 37ºC, 5%
CO2. Sperm were then layered on top of 1 ml of M199, 3% BSA
and centrifuged for 3 min at 3000 rpm, resuspended in PBS, and
fixed in 2% freshly made formaldehyde for 10 min at room tempera-
ture. After washing out the fixative, sperm were incubated with
Alexa-496-conjugated anti-rabbit IgG antibody or Alexa-496-conju-
gated anti-chicken IgY (1:100; Invitrogen, Carlsbad, CA) for 1 hr at
room temperature. Sperm were layered on top of 1 ml of M199,
3% BSA, centrifuged, and then resuspended in PBS and mounted
on glass slides. Images were captured through an Axiophot micro-
scope (Zeiss, Thornwood, NY) using a plan-apochromatic 633 ob-
jective lens, with 1.40 numerical aperture, a C-47472-95 Hamamatsu
digital camera, and AxioVision 3.0 software.
Western Blot and Scrambling IgY and IgG Procedures
See Supplemental Data.
Statistical Analysis
Statistical differences between groups were analyzed using the one-
tailed t test.
All experiments were performed in accordance with the animal
care and use protocols approved by the Animal Use and Care Ad-
ministrative Advisory Committee of UC Davis.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures
and are available at http://www.developmentalcell.com/cgi/
content/full/10/6/831/DC1/.
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